A relatively simple method is described for stabilising a dye laser at a frequency Y = v o + v c in the vicinity of an atomic resonance frequency YO. The Doppler effect is exploited by looking for atomic fluorescence when a laser beam is crossed with an atomic beam at certain angles ai. Absolute preselection of Y , (the deviation from resonance) up to -120 MHz is possible by the choice of ai, and a laser stabilisation to better than 1 MHz is obtained. We apply this stabilisation to collision experiments with velocity-selected excited Na atoms.
Introduction
In experiments with laser-excited atoms the frequency stabilisation of the laser during periods in the range of several hours is very important. Jitschin (1984) has described a simple method to lock the laser frequency to an atomic transition. However, if one wants to excite atoms with a certain velocity by exploiting the Doppler effect, the laser has to be detuned from the resonance frequency Y O of an atom at rest, and Jitschin's method cannot be applied directly. The commercially available active stabilisation systems for single-mode dye lasers that make use of Fabry-Perot etalons are not sufficiently accurate since they allow frequency drifts of -50 MHz h-', whereas a drift of less than 1 MHz h-' is needed for collision experiments.
We want to excite Na atoms in a thermal atomic beam in a velocity-selective way in order to measure the velocity dependence of collision processes involving Na(3p) atoms. To Figure that end we have extended the method of Jitschin and have stabilised a ring dye laser (Spectra Physics 380D) in a frequency range of about 1120 MHz around the Na(3s-3p) resonance frequency vo = 5 x lOI4 Hz (2, =589 nm).
Method
A well collimated atomic Na beam effusing from an oven intersects a laser beam at two different places with angles a l and a z respectively (see 
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0022-3735/87,/030305 + 04 $02.50 0 1987 I O P Publishing Ltd intensities I , and ZZ of the Na atoms at the two places are detected independently. Atoms having a velocity U are in resonance with the laser at a frequency v=vo
With a maxwellian velocity distribution of the Na atoms we therefore obtain frequency-dependent absorption profiles Zl(v) and Z2(v), the maxima of which are separated by Av = vo~~,,,~(cos a1 -cos a2)/c with v m p being the most probable velocity of the Na atoms. The shape of the profiles can also be calculated accurately (see appendix). Figure 2 (a) shows normalised calculated absorption profiles (together with measured ones) for an oven temperature of 520 K and angles a , = 89" and a2 = 87.5", having widths other. Due to this the difference signal A I has a zero crossing at vo + v, and can be used as a feedback signal for a frequency stabilisation system, stabilising on the frequency vo + vc. A suitable variation of the angles ai allows us to select v,.
Experiment 8
The Na beam, with a divergence of ~= 0 . 0 0 3 , is produced in a small auxiliary vacuum chamber (-300 mm long) by an effusive oven operating at a temperature of -520 K. We estimate atom densities of -2 x lo5 mm-3 in the light interaction regions.
Because of the relatively low operating temperature of the oven the Na beam intensity remains constant over long periods, and can easily be reproduced every measuring period, even after several months. The dye laser is tuned to the F = 2 + F 1 = 3 component of the Na('SIt2 --t 'P3!>) transition. Fractions of the laser beam are split off and directed to intersect the atomic beam at variable angles a1 and a2. Laser spots with a diameter of -3 mm and typical light intensities of 0.2 mW mm-2 are used.
Before entering the apparatus the light passes i,/4 plates to change its polarisation from linear to circular. By this method optical pumping effectse.g. in the far wing of the F = 2 + F' = 2 transitionare minimised and maximum fluorescence signals are obtained for a given laser intensity. To avoid an interplay between the two crossing regions the laser beams intersect with different fractions of the atomic beam, so that no atom can traverse both laser spots.
The pivoted mirrors with which the angles a, are selected are accurately calibrated. Furthermore, perpendicular alignment of the two laser beams has been achieved using a retroreflector. For this, one of the two beams was reflected in an antiparallel way such that the fluorescence from this reflected beam could be detected independently (of course the other incoming laser beam was blocked). The crossing angles of these two beams are 90°+Aa and 90"-Aa respectively, with a frequency distance between the maxima of the absorption profiles of By comparing the two absorption profiles and adjusting the mirror we could achieve Av < 0.5 MHz, resulting in A a < 0,015". Together with the inaccuracies in the mirror calibration this results in a total error in the angles ai of Q 0.03".
To check whether there were any angular drifts we also used the perpendicular alignment procedure frequently after our experiments with the stabilised laser. It turned out that the positions of the mirrors after the experiment were always in agreement with the ones before within an experimental error of 0.02". Furthermore, these perpendicular positions hardly showed any variation at all: in a period of several months they drifted no more than 0.05". Therefore we conclude that angular drifts during the experiments can be neglected.
The fluorescence intensities are measured independently by two phototransistors which have a built-in lens and are therefore sensitive only in a limited angular range. To operate these phototransistors in a sensitive and approximately linear regime a constant light intensity from a background source is added. The fluorescence signals are modulated by chopping the Na beam. This allows phase-sensitive detection with lock-in amplifiers. For each intersection angle ai the amplifiers are adjusted to yield the same maximum signal during a frequency scan. These normalised signals I , @ ) can be easily compared with calculated profiles as determined by equation (A.8) of the appendix. From these theoretical curves the cross-over frequency v, can be calculated for each combination of angles a , , a2.
To stabilise the laser frequency we use a voltage which is proportional to the difference signal AZ= I , (v) -I 2 (v) (see figure   1 ) and which is fed to the frequency control input of the laser. In addition we generate a sum signal I , =I,(v) + Iz(v) that indicates if there is resonance fluorescence at all. We permanently check that I , stays above and IAII below certain preselected values. If both are correct the laser is regarded to be 'in stabilisation' and an 'OK' signal is generated to be used in the data acquisition system of our experiment. If I , is below the preselected value, the laser frequency is scanned in a wide range to recover the resonance frequency.
Results
With this arrangement we were able to stabilise the laser for periods of hours. An important point is the question, how accurately can v, be determined and how far can vc drift as a function of time? In principle the accuracy of v, can be influenced by several effects: (i) inaccuracies in the angles a, ;
(ii) deviations of the velocity distribution from the assumed Maxwell-Boltzmann distribution; (iii) deviation of the saturation broadened width of the absorption profile from its assumed value; and (iv) inaccuracies in the experimental normalisation of the fluorescence signals.
(i) An error in both ai of 0.03" results in a deviation of v, of no more than 0.3 MHz.
(ii) To check if there were any deviations from the Maxwell-Boltzmann velocity distribution we measured the fluorescence signals Z(v) of the phototransistors at different angles a and for different frequencies. Figure 2 shows the experimental results together with calculated curves for crossing frequencies v, = 29 MHz (figure 2(a) ) and vc = 9 1 MHz ( figure   2(b) ). The experimental curves have both been registered in the same frequency scan of the laser. For lack of an absolute experimental frequency scale the experimental x axis is fitted to the theoretical one. Still, this fit procedure is a reliable way of testing agreement between calculated and measured sets of curves, since there are only two fit parametersscaling and positioning the x axis, whereas there are six quantities to be fitted simultaneouslythe positions of the maxima of the two curves and of the crossing frequency U,, the width of both curves, and the relative fluorescence intensity at v,. Figure 2 clearly shows that there is no reason to doubt the validity of the assumed Maxwell-Boltzmann distribution.
(iii) Furthermore, the shape of the curves, especially those with angles close to 90°, 'dictate' the saturation broadened Lorentzian width: in our case it was 17 f 2 MHz (FWHM), in good agreement with the formula used (A.3) , if one takes the spatial distribution of the laser into account. This remaining inaccuracy of f 2 MHz in the line width leads to inaccuracies less than & 0.2 MHz in v,. We conclude that the remaining inaccuracies in v, due to uncertainties in velocity distribution and line width are negligible.
Laser stabilisation for atomic absorption (iv) The uncertainties in v, resulting from the experimental normalisation inaccuracies are by far the most important ones. We estimate the 'experimental normalisation error' to be 3% leading to a typical error in v, of 2%.
From figure 2 one can see that for angles a close to 90" the frequency-dependent fluorescence varies strongly with frequency and is therefore well suited for laser stabilisation.
With increasing deviations of a from 90" the frequency dependence of the signals is less pronounced, and the signals themselves become weaker. Laser stabilisation with these signals therefore becomes more difficult. In practice it turned out that the percentage of time during which the laser stabilisation is To obtain a velocity-selective excitation of Na atoms we intersected a laser beam with a Na beam at an angle of a= 87O. The velocity spread A V of excited atoms is mainly determined by the width AV of the absorption profile of the laser. For our conditions, i.e. AV = 13 MHz (FWHM, including the saturation broadening at a laser intensity of 0.08 mW mm-2) the velocity spread was b o = 150 m s-', At these conditions velocity selection in the range between 400 m s-' and 1400 m s-' was possible. In the case of excitation at the far ends of the thermal Maxwell curve the velocity distribution of the excited atoms is, of course, highly asymmetric, but the distribution can be calculated accurately. Results for the velocity dependence of the associative ionisation of Na(3p) + Na(3p), using this velocity selection technique, will be published elsewhere (Meijer et a1 1986) .
Conclusions
We succeeded in stabilising a ring dye laser at frequencies up to 120 MHz from the resonance frequency vo of the Na(3s-3p) resonance transition. Frequency drifts of less than 1 MHz could be obtained over periods of hours, and any selected value of v, could be obtained with an error of < 3%. To obtain a narrower velocity spread of excited atoms one would have to decrease the intersection angle a between atomic and laser beam. Laser stabilisation to the corresponding frequencies is difficult with an effusive atomic beam in the auxiliary apparatus, since the fluorescence signals Z(v) then vary slowly with v. However, a considerable improvement can be obtained by using an atomic nozzle beam in the auxiliary apparatus. Due to the narrow velocity distribution of the atoms in such a beam the corresponding fluorescence signals also vary rapidly with frequency at small intersection angles a and are therefore suitable as stabilisation signals.
The absorption profiles shown in figure 2 are calculated numerically by 
